The Mediterranean basin is extremely vulnerable to climate change, and one of the areas most impacted by human water demand. Yet the green roofs increasingly created both for aesthetic reasons and to limit pollution and urban runoff are themselves very water-demanding. Successful green roof installation depends on the establishment of the vegetation, and the substrate is the key element: it conserves water, and provides the nutrients and physical support indispensable for plant growth. Since typical Mediterranean plant communities require no maintenance, this study seeks to develop techniques for creating maintenance-and watering-free horizontal green roofs for public or private buildings in a Mediterranean context. The innovative aspect of this study lies in creating two soil mixes, fine elements (clay and silt) and coarse elements (pebbles of all sizes), in two different thicknesses, to assess vegetation development. Monitoring of substrate moisture was carried out and coupled with local rainfall measurements during summer and autumn. As expected, substrate moisture is mainly influenced by substrate depth (the deeper, the moister) and composition (the finer the particles (clays and silts), the higher the moisture content). Vegetation cover impacts moisture to a lesser extent but is itself affected by the composition and depth of the substrates. These results are subsequently discussed with relation to the issue of sustainable green roofs in Mediterranean climates. Considering applications of our results, for an optimal colonization of a Mediterranean vegetation, a substrate thickness of 15 cm composed mainly of fine elements (75% clay-silt and 25% pebble-sand) would be recommended in green roofs.
Introduction
Green roofs are new urban ecosystems currently attracting strong interest from both scientists and the general public [1] . They are internationally recognized for the wide range of ecosystem services they offer in urban settings [2, 3] . In particular, green roofs are known to provide aesthetic and psychological benefits and to mitigate extreme urban temperatures [4] [5] [6] . In addition, they can partially offset the loss of green areas by replacing impermeable surfaces. Green roofs help increase urban biodiversity by providing habitats and food resources for many species [7, 8] , including many indigenous species of flora and fauna [9, 10] . Other benefits include city noise reduction, thermal insulation, increased roof membrane durability, improved air quality due to their filtering of many air pollutants, improved rainwater sanitation and retention of storm runoff [5, 11, 12] . As a result, green roofs are becoming increasingly common in a large part of the world [2] . However, know-how in terms of green roof installation is, in some cases, inadequate to deal with the contrasting environmental conditions that prevail in the Mediterranean region. Research on green roofs currently focuses on cold climates, and may not take into account prolonged periods of drought, extreme temperatures or heavy precipitation, the future climatic conditions due to global changes [3, [13] [14] [15] . In the Mediterranean context, such severe conditions impose severe restrictions on plant growth and on plant survival [16] . Water is one of the most common limiting factors for the development of plants [17] [18] [19] . It has already been demonstrated that plants cannot survive on non-irrigated green roofs when the substrate depths are less than 5 cm, and this risk increases during summer drought or during plant establishment [20] . Unfortunately, summer water shortages, a recurring problem in the Mediterranean region, are expected to increase according to climate change scenario forecasts [21] . Yet green roof irrigation is an unsatisfactory long-term option, both economically and ecologically. Thus, it is important to ensure that both vegetation and substrate are able to withstand the absence of irrigation. Knowledge of plant requirements and performance in their natural environment will identify those species most suited to local climatic conditions and therefore potentially usable on green roofs [22] . However, this hypothesis is valid only if environmental conditions for the green roofs are not too different from those of the plants' natural environment.
It is thus recognized that the establishment of vegetation cover is a limiting step in the installation of green roofs [23] . This step depends strongly on the substrate, without which the vegetation can only rarely settle. The substrate is therefore probably the most important element of a green roof, allowing water and nutrients to be preserved and thereby providing the physical support essential to the plants [19] . Extensive green roofs (≤150 mm deep) must meet the physical, chemical and biological needs of plants via a substrate ideally combining the following properties: nutrient inputs; efficient water absorption and retention; good drainage; effective plant anchoring, and; lightweight enough for the roof to carry [24, 25] . This ideal substrate can be obtained in various ways. European and international recommendations for green roof supports involve substrates based on granular mineral materials or lightweight aggregates, such as volcanic pumice (pozzolana), expanded slate, sand, crushed brick or concrete [26, 27] . In other cases, composted materials are commonly used as substrate [28, 29] . The ideal substrate results in a freely draining combination of coarse aggregates, with more or less organic content [30] . For increased durability, recycled materials or quarry by-products should be used to limit financial and ecological costs and promote sustainable development. This study is original in considering the installation of extensive green roofs using unrefined materials (thus not extensively treated coarse elements and sand) and recycled materials originally intended for disposal, such as sludge from quarrying (composed exclusively of clays and silts).
The selection of plant species for green roofs is complicated by the harsh urban environments and the often extreme temperatures and drought the plants are subjected to, aggravated by their thin substrate and elevated position [31] . It is therefore important to establish plant selection criteria prior to implementation [22] . In the case of Mediterranean green roofs, the main criteria are drought tolerance, their indigenous nature, aesthetic characteristics (to ensure acceptance by the general public) and low maintenance requirements [3, 16, 23, 32] . Regional plant communities can thus serve as a model for the recruitment and installation of seeds on green roofs [22, 32, 33] , being composed of stress-adapted species and ruderal species that have the capacity to maximize resources. Moreover, ecological theory suggests that diverse vegetation is more resistant and resilient to severe environmental stress. Strong plant and functional diversity also make green roofs more aesthetically pleasing even under dry conditions [34, 35] . This is why typical vegetation communities in the Mediterranean region were sampled for this study.
Here, we sought to develop substrates for the creation of horizontal green roofs on public or private buildings in the Mediterranean region, partly using recycled quarry waste without any future maintenance after their installation. In this innovative approach, fine elements (clays and silts) were mixed with coarse elements (pebbles of all sizes) with the aim of allowing typical pioneer Mediterranean vegetation communities to be maintained without human intervention (no watering, mechanical or chemical weeding). We assessed the role of substrate thickness and composition in maintaining the moisture necessary for good vegetation cover. Substrates of various compositions were tested using different thicknesses, and their moisture was monitored against local rainfall readings during (summer) and after (autumn) the Mediterranean drought period.
Our hypotheses were (1) that thicker substrates (15-cm) would better retain rainwater and thus exhibit greater moisture over a longer period than thin substrates (5-cm); (2) that substrates composed of coarser materials would retain less rainwater and therefore provide better drainage [36] ; (3) that thin substrates would dry out more rapidly, thereby limiting vegetation cover.
Materials and Methods

Study Site Location
Our experimental site is located in Mediterranean Southeastern France, on the roofs of Avignon University and Technology Institute (lat: 43.909885, long: 4.88857). The site is conducive to green roof installation, providing: (1) a flat roof (with a very slight slope allowing the evacuation of rainwater) and (2) high sun exposure.
Climate and Soil Moisture
According to a meteorological report covering 24 years (1989-2012) , the study area is characterized by a typically Mediterranean climate, with hot and dry summers marked by prolonged droughts and mild winters punctuated by very cool periods with frost [37] . The average annual temperature is 14 • C with maximum temperatures in July (24 • C) and minimum in January (6 • C). The region is swept by the Mistral, a cold, dry and violent dominant wind (up to 50 days a year of Mistral storm, defined by a recorded speed of more than 57 km/h (16 days a year with wind speed > 100 km/h) [38] . This wind is responsible for Avignon's clear skies and thus an average of 2600 h of sunshine per year, strongly accentuating the drought The rainfall regime, which is typically Mediterranean and marked by a very uneven distribution of rainfall during the year, is characterized by two rainy periods, in autumn (40% of annual rainfall between September and November) and spring (25% from March to May). The average annual precipitation does not exceed 700 mm, characterized by a few heavy rainfalls (about 45 rainy days per year) [39, 40] .
Experimental Protocol
The experiment involved extensive green roofs composed of four layers: (1) the roof of the building (concrete), capable of supporting the weight of the green roof and with a waterproof seal, on which we installed (2) a drainage system consisting of a layer of pebbles to prevent water stagnation and to facilitate its flow; (3) a geotextile filter retaining the substrate fine particles and allowing the water contained in the substrate to flow; and (4) the substrate essential to the proper development of the vegetation. Several substrates of varying depth and composition were tested. We applied two substrate thicknesses, of 5 cm and 15 cm, falling within the classical range for extensive green roofs found in literature [20, 32, 41] . Two types of material were used: (1) fine elements from quarry sludge composed exclusively of clays and silts; (2) raw materials with a particle size range of 0-30 mm and originating from Durancian gravel (known by scientists as geological material and which quarries consider exploitable deposit, screened (sorted) with minimum storage to limit recruitment of seed from undesirable species (anemochorous Asteraceae in particular). These materials came from a dry alluvial quarry located in the Paleodelta of the Durance River, in the plain of La Crau (Bouches-du-Rhône, France) 60 km south of the experimental site. Because using inorganic substrate alone may limit plant growth, organic matter was added [28, 42, 43] . This organic amendment (NF U 44-051) was in the form of green compost with 52% dry matter, 22% organic matter, 0.75% total nitrogen and potassium oxide for up to 0.5% of the mass of the crude product. Three mixtures composed of different proportions of the materials were tested (Table 1, Figure 1 ). Figure 1 ). The mixtures were obtained and plated in the form of quadrats of 1 m 2 using hand tools. The materials were mixed with a cement mixer, stirred and therefore ventilated to ensure better plant growth [53] . A total of 96 quadrats separated from each other were installed on the roof in April 2016 (N = 96 = 16 replicates × 3 compositions × 2 thicknesses) ( Figure 2 ). After this installation, no maintenance was carried out (no watering or weeding). [44] , CaCO3 using a Bernard calcimeter [45] , organic C [46] and total N by dry combustion [47, 48] , C:N ratio, Cation Exchange Capacity (CEC) and exchangeable K+ by Metson [49, 50] , plant available P [51] The mixtures were obtained and plated in the form of quadrats of 1 m 2 using hand tools. The materials were mixed with a cement mixer, stirred and therefore ventilated to ensure better plant growth [53] . A total of 96 quadrats separated from each other were installed on the roof in April 2016 (N = 96 = 16 replicates × 3 compositions × 2 thicknesses) ( Figure 2 ). After this installation, no maintenance was carried out (no watering or weeding). The implanted plant communities (thereafter named inoculum) correspond to the Crassuletum tilliaeae phytosociological association of the plain of La Crau, dominated by cryptogams and annual plant species [53] . They develop on clay-limestone and thin soils where rainwater stagnates and are characterized by calcicolous and acidophilic species dominated by lichens and mosses. This association is recognizable from the abundance of a small red Crassulaceae, Crassula tillaea, and from its numerous annual species (Filago pygmaea, Logfia gallica, Reichardia picroides, etc.) [53, 54] . This plant community is particularly interesting in terms of species richness, composition and diversity [55] [56] [57] .
Plant communities were established by inoculum in April 2016. This inoculum correspond to the first two centimeters of soil were harvested from small areas on the ground (110 samples of 30 cm × 30 cm in June 2015) and which were subsequently bulk transferred onto the quadrats on the experimental roof. The transient seed bank of these plant communities present in the inoculum could therefore be expected to yield a pool of species adapted to the Mediterranean environment and whose structure was based on natural species coexistence [53, [58] [59] [60] . The vegetation percent cover was visually estimated in June and November 2016.
Substrate Moisture Measurement and Rainfall Monitoring
The evolution of substrate moisture in the 96 quadrats was studied every two days after rain, with a ThetaProbe type ML2X probe and an HH2 Moisture Meter (class leading ± 1% soil moisture accuracy). The ThetaProbe measures the volumetric moisture content of the substrate (θv), responding to changes in the apparent dielectric constant of the wet substrate: from 0.05 to 0.6 m 3 ·m −3 of water content depending on the ThetaProbe used [61] . Thus, the moisture of the substrate under consideration is moisture volume expressed as a percentage (vol %). For each quadrat, measurements were made three times and only their average was used for analyses. The implanted plant communities (thereafter named inoculum) correspond to the Crassuletum tilliaeae phytosociological association of the plain of La Crau, dominated by cryptogams and annual plant species [53] . They develop on clay-limestone and thin soils where rainwater stagnates and are characterized by calcicolous and acidophilic species dominated by lichens and mosses. This association is recognizable from the abundance of a small red Crassulaceae, Crassula tillaea, and from its numerous annual species (Filago pygmaea, Logfia gallica, Reichardia picroides, etc.) [53, 54] . This plant community is particularly interesting in terms of species richness, composition and diversity [55] [56] [57] .
The evolution of substrate moisture in the 96 quadrats was studied every two days after rain, with a ThetaProbe type ML2X probe and an HH2 Moisture Meter (class leading ± 1% soil moisture accuracy). The ThetaProbe measures the volumetric moisture content of the substrate (θv), responding to changes in the apparent dielectric constant of the wet substrate: from 0.05 to 0.6 m 3 ·m −3 of water content depending on the ThetaProbe used [61] . Thus, the moisture of the substrate under consideration is moisture volume expressed as a percentage (vol %). For each quadrat, measurements were made three times and only their average was used for analyses.
The first moisture survey was carried out in summer 2016 from 17 June to 4 July, after a rainfall of 11 mm between 15 June and 16 June (summer survey evapotranspiration: ETo Summer 2016 survey period = 77.28 mm so the average ETo rate for summer is 4.29 mm·day −1 , Thornthwaite method [62] (Figure 3) . 
Statistical Analysis
First, we explored how soil moisture varies according to substrate thickness and substrate composition, considering the probable interaction between these two variables. Soil moisture variation was assessed under a statistical modeling approach taking into account the distribution of moisture data as a function of the seasons. In autumn, moisture followed a normal distribution, allowing the use of a Generalized Linear Model (GLM) in Gaussian distribution [63, 64] . The model was validated by observing the distribution of residuals. In summer, since moisture followed a Poisson distribution, it was initially modeled using a GLM with a Poisson distribution. However, strong structuration of the residuals was detected on the day effect. For this reason, a Generalized Least Squares (GLS) model was run, with a logarithmic transformation of the humidity variable and with the model weighted to account for the survey day effect. This consists in attributing weights to variables to attenuate or increase their relative influence [65, 66] . The model was validated by observing residual patterns under the effect of the weighting. Given the temporal dimension of the study, the effect of the continuous variable was added, as well as its interactions with substrate thickness and composition. The significance of the variables was obtained on ANOVA models. The importance of the plant cover effect in the model was initially compared with an AIC criterion (Akaike Information Criteria [67] ): the model were not improved by the addition of the plant cover (delta AIC > 2 [66] ), so it was discarded from the model. Second, we assessed plant cover evolution, modeling it with a GLM with binomial negative distribution to study the effect of substrate thickness and composition. In this model, the data for the two seasons were concatenated and a season effect was placed in fixed effects and in interaction with the two other explanatory variables.
All statistical analyses were carried out with statistical software R version 3.3.1 [68] , and its "nlme" packages [69] and "lme4" packages [70] .
Results
Influence of the Different Variables Measured on Substrate Moisture
Four measured variables were selected: survey date (number of days after a rainfall), substrate composition, substrate depth and vegetation cover. However, vegetation cover, which did not significantly decrease the AIC (<2), did not appear relevant for use in the Generalized Least Squares models (Table 2) . In the GLM, all the variables initially considered were significant at the 5% alpha risk (Table 3 ) and no interaction between the variables was significant. The contribution of each parameter towards explaining some of the observed deviance in moisture levels was noted. The parameters contributing most to the explanation of model deviance were substrate composition and depth, and survey date. Vegetation cover contributed less to the explanation of deviance in moisture levels, but remained a significant variable in the model (Table 3) . In fact, all these measured variables influenced substrate moisture, especially in November. In the GLS model on the summer data, all the variables initially considered were significant at the 5% level, with the exception of vegetation cover (Table 3) . Several possible first-degree interactions between the variables were significant at the 1% level. In these models, substrate composition and depth, and survey date, were always the most important explanatory variables. These three variables interacted significantly with each other: the interactions between composition and depth, as well as between substrate depth and survey date, appeared to be particularly significant in this model (Table 3) .
Overall, the interpretation of the parameters was similar using the two modeling approaches for the two survey periods, as the parameters were constantly positive when the models were compared. The only major difference in these models was the effect of the interactions of variables for the summer period and the slight effect of vegetation cover for the autumn period, which was not significant for summer.
Effect of Substrate Depth on Substrate Moisture
Using significant interactions, the interpretation must take into account the effects of the main variable and the variable interacting at the same time. As for the interaction between substrate depth and survey date, obviously substrate moisture for all depth classes decreased over time and consequently decreased significantly after the last precipitation (Table 3) . However, there was a significant effect of depth on substrate moisture ( Figure 4A , Table 3 ). In summer, the 5-cm thick substrates had significantly higher moisture one day after rain than the 15-cm substrates. After three days this result was reversed: the 5-cm substrates dried up much faster than the 15-cm substrates, which kept their moisture content longer. The moisture level of the 15-cm substrates tended to be stable five days after rain and higher than that of the 5-cm substrates, where moisture was close to 0% ( Figure 4A ). Regardless of substrate composition, the 15-cm substrates tended to have higher moisture content than the 5-cm substrates ( Figure 4B ).
In autumn, we observed significant differences between the two substrate depths (F 1 = 20.65, p-value < 0.0001 ***). The 5-cm substrates were wetter in the first 10 days after rain than the 15-cm substrates. Between two rainfalls, the relatively high substrate moisture decreased very little compared to the summer period. The substrates did not have time to completely dry out before the second rainfall, maintaining between 25% and 30% moisture content ( Figure 4A ). 
Effet of Substrate Composition on Substrate Moisture
The finer the particles (clays and silts), the higher the substrate moisture was. While this measure was true for autumn, with significant differences between all substrates (F2 = 119.70, p-value < 0.0001 ***) ( Figure 5, Table 3) , it was only a not significant trend in summer ( Figure 5 ). orange: 50% pebble-sand and 50% clay-silt; green: 75% pebble-sand and 25% clay-silt) and the substrate thicknesses by the color of the quadrats framing (red: 5 cm, black: 15 cm). Values are means of substrate moisture ± standard errors for each substrate thickness and for each survey period. The stars represent significant differences between the two thicknesses for a survey date, NS: not significant from the post hoc test of Mann-Whitney-Wilcoxon test. Two values in the same row with a different letter are significantly different according to Mann-Whitney-Wilcoxon test [52] .
The finer the particles (clays and silts), the higher the substrate moisture was. While this measure was true for autumn, with significant differences between all substrates (F 2 = 119.70, p-value < 0.0001 ***) ( Figure 5, Table 3) , it was only a not significant trend in summer ( Figure 5 ). 
Effet of Vegetation Cover on Substrate Moisture
Despite the lack of significant correlation between vegetation cover and substrate moisture, a not significant trend was observed (Table 3) : the higher the vegetation cover, the higher the substrate moisture. Moreover, the GLM showed that whatever the explanatory variable studied, vegetation cover was lower in summer: the experiment initiated in April 2016, when vegetation was just beginning to develop (Table 4) . Season × substrate depth interaction highlighted a significant difference in vegetation cover, which was significantly greater in the 15-cm substrates than in the 5-cm substrates ( Figure 6 ). In autumn, the finer-grained the substrate, the greater the vegetation cover was, whereas no significant difference was measured in summer ( Figure 6 ). 
Discussion
Substrate moisture behavior during dry periods is influenced by both substrate characteristics and climatic conditions [12, 41, 71, 72] : substrate moisture depends not only on the type of rainfall event (intensity, duration), but on the way the substrate retains water. Of all the variables tested in this study, substrate depth has the strongest effect on substrate moisture, as expected from results classically obtained in in situ natural or cultivated soils. Increasing substrate depth also protects plants from extreme summer temperatures by increasing the potential reservoir of water available to plants, thereby reducing the risk of stress due to drought [18, 24, 73] . Substrates are also known to be subject to loss of all surface moisture [74] , and this is accentuated during the summer season when thin substrates totally dry out. In addition, the surface layer of the substrate tends to compact rapidly. Thus, 5-cm substrates have very low structural porosity [36] . Structural porosity plays an important role in substrate-plant interactions, because it ensures water and air transfers and the storage of water usable by plants. The water retained within the clayey micro-aggregates, therefore, would not satisfy the water needs of the plants, which cannot exert sufficient suction to extract water from pores of less than a few tens of nanometers between clay particles [75] . This means that the water retained in the 5-cm substrates cannot be characterized as useful for the plants. In our case, we have measured that thin substrates have significantly higher moisture just after rain that can also lead to substrate compaction. A substrate thickness of 15 cm would therefore be more favorable to vegetation maintenance, as demonstrated in our results, especially in the summer period, when a reserve of water can be accumulated over a longer period. However, it should be borne in mind that increasing substrate depth has an economic cost (greater volume of substrate required) and may also not be feasible due to insufficient roof strength to support the substrate weight of nearly 250 kg per square meter in our case [19] . Substrate thickness therefore needs to be appropriate to the buildings and the ecological objectives involved. A useful addition might be bryophyte implantation, as they can help maintain a constant substrate moisture content, especially during summer [76, 77] . This could facilitate the implantation of plant species adapted to water stress but requiring minimum soil moisture for their development, the ideal choice for Mediterranean extensive green roofs.
Apart from substrate moisture, another cause of compaction may be substrate particle size. This is borne out by the tendency of the substrates with a higher proportion of fine elements to have higher moisture than the other substrates, due to their lower draining power. Substrates with high proportions of fine elements are liable to compact at the surface under the effect of rain [36] . Crosaz [78] showed that rooting occurs faster in substrates where the particle size is finer. Because of the greater specific surface of many small mineral particles, their chemical alteration is more rapid and the transfer of mineral nutrients to the roots more abundant, making such a substrate more beneficial to plant development. This is confirmed by examining the relationship between vegetation cover and substrate composition in this study: when the substrate is composed of finer elements, vegetation cover is higher. However, substrates should not be composed of fine elements alone because they tend to retain water, preventing it from penetrating deeply. This makes the substrate impermeable at the surface and asphyxiates the roots [36] . Conversely, substrates with coarse elements have lower vegetation cover. Coarse elements (>2 mm) appear to block the development of vegetation by reducing the volume of soil available to plants, thereby limiting their access to the necessary resources. Thus, the choice of substrate components and their proportion in green roofs is very important [19] . The ideal substrate for green roofs should therefore be a compromise, containing both fine and, in smaller quantities, coarse elements. In this study, the composition that seems to best accommodate and maintain vegetation adapted to the Mediterranean context is that with 75% fine and 25% coarse elements.
In addition to substrate composition, increasing substrate depth generally improves the growth and survival of green roof plants by increasing the availability of water and nutrients, especially during periods of drought [18, 25, 73, 79] . At the same time, high vegetation cover on green roofs helps improve water retention [42, 80, 81] . It is therefore important to develop substrates that favor high vegetation cover, not only for aesthetic reasons but also to combat Mediterranean wind erosion (by local winds such as Bora, Mistral, Sirocco) which can deprive the substrate of fine elements, rendering it sterile [82] .
The parameters measured in this study on substrates using materials that mimic natural soil composition show that our substrates offer the same properties as the standard artificial substrates used almost exclusively internationally (deeper substrates promoted greater survival and growth of plant species and had greater resistance to drought, retention capacity, etc.) [18, 73, 81] . Despite the difference in weight of the materials (pozzolana of thickness 5 cm is 40 kg·m −2 versus 80 kg·m −2 for our substrates of the same thickness), there are substantial economic advantages to using these innovative substrates. The pozzolana generally used for green roofs is a natural rock, which is extracted and then has to be crushed and sieved to achieve the desired granulometry. By contrast, the coarse elements used in this study are simply sifted without crushing and the fine elements are quarry wastes from leaching during production and do not have to be mined. The use of such materials, destined to be discarded, would limit the treatment of precious rocky resources. Moreover, alluvial quarries are far more common than pozzolana quarries in the Mediterranean area [83] , thus enabling transport costs and ecological consequences to be reduced.
Conclusions
In this study, main findings are (1) that the explanatory variables influencing the substrates moisture are mainly depth and composition of the substrates mixtures in relation to the elapsed time since the last precipitation, and (2) that vegetation cover influences moisture to a lesser extent but is itself influenced by composition and depth of the substrates. For an optimal colonization of the vegetation, a substrate thickness of 15 cm composed mainly of clays and silt (75% clay-silt and 25% pebble-sand) would be recommended for the installation of green roofs with such substrates in a Mediterranean climate context. This recommendation will be confirmed by a more detailed study of the vegetation during a period of three to five years.
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